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What does HBT offer?
• Femtoscopy utilizes Quantum Statistical (BEC) or Final 

State Interactions (Coulomb, Strong) that dominate 
multi-particle correlations at small separations in phase 
space to measure space-time structure.

• Multi-particle Femtoscopy is the most direct 
measurement we have of the space-time evolution of 
Heavy Ion Collisions at the freeze-out surface.

• Assuming Gaussian profiles, 1D and 3D radii are 
extracted from two-particle correlations in momentum 
difference distributions.

• Emerging Imaging Techniques make no assumptions of 
the profile offering sensitivity to finer structure.
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HBT in Heavy-Ions
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2.5 Centrality Measurement

The BBC charge sum has a monotonic correlation with collision centrality. In
the offline analysis, the combined information on spectator neutrons measured
by the ZDC placed 18 m from the beam crossing point and the charged sum
information measured by the BBC is used to define the collision centrality.
The correlation between the BBC and ZDC measurements is shown in Fig. 6.
The lines shown in Fig. 6 bin the events with centrality beginning on the far
right with the 0-5% bin and going to the left at intervals of 5% up to 50%.
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Fig. 6. Correlation between BBC charge sum and energy deposit in ZDC. The
lines define bins containing intervals covering 5% centrality. The bin to the far
right represents events ranging from 0 to 5% centrality. The central line shown in
the figure is the centroid of the BBC-ZDC distribution with the lines defining the
centrality bins drawn perpendicular to it.

2.6 Performance

The BBC is fully implemented and installed in the PHENIX detector complex.
The performance of the BBC was evaluated using

√
sNN = 130 GeV Au-

Au collisions and the arrival time of secondary particles generated by beam
interactions, which travel nearly at the speed of light. The collision time (T0)
is defined from the average arrival time for the two BBC counters. The timing
difference between each counter provides the ZVTX along the beam axis.

All the detector elements and readout electronic channels worked well during
the first year of RHIC operation. The timing achieved for a single element was
52 ± 4 ps. The BBC is used as a start counter for the ToF measurement and
a ToF resolution of 96 ps was obtained. The collision vertex determined by
the BBC is used not only for offline analysis but also for the LVL1 trigger to
limit the vertex position. Combined information from the BBC and ZDC is
used to define the collision centrality in the offline analysis.
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Reaction plane method in PHENIX

• R.P. determination @ BBC
– |!| = 3 – 4, Full azimuthal

coverage.

– 3 unit rapidity away from mid-
rapidity.

• Expect to reduce non-flow 
contribution

• For improvement of flow 
measurement
– MVD (|!| = 1 – 3)

– R.P. @ Beam rapidity (SMD, 
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• Help to v1 measurement

• Sensitivity to non-flow 
contribution
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PHENIX HBT Overview
• PHENIX HBT analyses of K+/-,π+/-, p:

• Gaussian 1D/3D Radii from C2

‣ Full/Partial Coulomb Correction
‣ Bowler-Sinyukov Core-Halo
‣ Full Koonin-Pratt

• Levy Fits to 2/3 Particle Correlations

• 1D Source Imaging

π+/- K+/- p
Au+Au 130 3D (kT)

Run 2
Au+Au 200

3D 
(kT,Np)

1D 1D

Run 4
Au+Au 200

AzHBT
1D Image

3D
1D Image
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System Size Dependence

• Larger initial systems 
“appear” larger

• Np⅓ scaling of the pion 
source

• HBT Radii are dominated 
by geometric length scales.

• Expected long emission 
duration would increase 
Rout/Rside : not observed.   1/3
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Kaon Participant Scaling
Au+Au 200 GeV
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(T.Hirano, Y.Nara,  Partial Chemical Freeze-out, 
NPA743(‘04)305)

Hydro agreement with 
data is quite good.

Pion <mT> = 0.47
Kaon <mT> = 0.89
Rout , Rside scaled to 
match kaon <mT>
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x-p Correlations

• HBT actually measures the space-time 
structure of “regions of homogeneity”

• Relativistic Expansion reduces the length of 
homogeneity for high momentum pairs.

observer

HBT measures the 

length of homogeneity 

of particle’s momenta 

emitted from the source.

Rlong ∝ 1
√

mT
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Hydro+UrQMD Tc=160MeV

Small rescattering in hadronic phase.
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Rout/Rside mT Dependance
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1D Species Dependence 
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Azimuthal HBT

In-Plane
Observer

Rside Rout

Φ= 0˚

Out-of-Plane 
Observer

Rside Rout

Φ= 90˚

[1] U. Heinz, A. Hummel, M. A. Lisa, and U. A. Wiedemann. Symmetry constraints for the emission angle
dependence of hanbury–brown-twiss radii. Physical Review C (Nuclear Physics), 66(4):044903, 2002.

Reaction Plane

ε =
〈y2〉−〈x2〉
〈y2〉+ 〈x2〉 ≈

2R2
s,2

R2
s,0

Pairs Boosted
LCMS (pz,1=-pz,2)

Pair Ordering
(pz,2 > pz,1)

Heinz et al. PRC66,044903(2002)

Rμ2(Φ) = Rμ,02 + Rμ,n2 cos(nΦ)

Rso2(Φ) = Rso,02 + Rso,n2 sin(nΦ)
Ros,2=0   Ros,2>0

Rs,22>0

{μ=s,o,l}

Ro,22<0
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Eccentricity Final State vs Initial
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Reduction of systematic errors in progress.
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=1+
=1+

Testing the Core-Halo 

N1(p)  … Invariant mom. distr.
Nc(p)  … Core fraction
Nc

p(p) … Part. coh. fraction

PHENIX PRELIMINARY

Lévy fit used:

M. Csanád, PHENIX, Quark Matter 2005, Budapest

λe| R·q
h̄c |α

•  λ from π-π C2 and C3

• Constrain coherent 
and extended source 
contributions

λ alone - unable to unambiguously 
distinguish resonance contribution vs 

extended source

hep-ph/0001233, Nucl. Phys. B329 (1990) 357
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Source Imaging

is kernel which can be calculated from BEC 
and known final state interactions of pairs.

is source function which represents the emission 
probability of pairs at r in the pair CM frame.

Imaging by minimization of χ2

Most probable source function is 

S(r) is expanded in a function basis.

D.A. Brown and P. Danielewicz
Phys. Rev. C. 64, 014902 (2001)
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Measured 1D Source Image

q (MeV)

C
(q

)

Data

Restored

C(q) Fit

3D HBT

Au+Au (0<cen<20 %)

0.20<kT<0.36 GeV/c

π+π+ & π-π-

Imaging source
Spheroid Fit src

3D HBT source
angle-averaged

r (fm)

S
(r

) 
(f

m
-3

)
4

πr
2
S

(r
) 

(f
m

-1
)

(a)

(b)

(c)

1

1.05

1.1

1.15

1.2

0 5 10 15 20 25 30 35 40 45 50

10
-6

10
-3

10
-1

0 5 10 15 20 25 30 35 40

200 GeV

Excess at small q

⇒Excess at large R

nucl-ex/0605032

Brown et al. PRC64(2001)014902

4

q (MeV)

C
(q

)

Data

Restored

C(q) Fit

3D HBT

Au+Au (0<cen<20 %)

0.20<kT<0.36 GeV/c

π
+
π

+
& π

-
π

-

Imaging source
Spheroid Fit src

3D HBT source
angle-averaged

r (fm)

S
(r

) 
(f

m
-3

)
4

π
r2

S
(r

) 
(f

m
-1

)

(a)

(b)

(c)

1

1.05

1.1

1.15

1.2

0 5 10 15 20 25 30 35 40 45 50

10
-6

10
-3

10
-1

0 5 10 15 20 25 30 35 40

FIG. 1: (color online) (upper, a) (filled circles) Correlation
function, C(q) for π

+
π

+ and π
−

π
− pairs; (open squares) re-

stored correlation from imaging technique; (dotted line) direct
correlation fitting; (open triangles) 1D angle-averaged correla-
tion of 3D correlation function. (lower) 1D source function (b)
S(r) and (c) 4πr

2S(r): (open squares) imaging; (filled circles)
spheroid fit to correlation function; (open triangles) angle-
averaging of 3D-Gaussian source function. Systematic errors
are less than size of data points.

The open squares in Fig. 1(b) show the source func-
tion obtained from the correlation function presented in
Fig. 1(a). As a cross check of the imaging procedure,
a restored correlation function was generated via Eq. 1
with the extracted source function as input. The open
squares and filled circles in Fig. 1(a) indicate excellent
consistency between the measured and restored correla-
tion functions. The 1D-source function (cf. Fig. 1(b))
points to a Gaussian-like pattern at small r and a pre-
viously unresolved “tail” at large r. The robustness of
this tail was established via an extensive array of tests
including its dependence on pair and PID cuts, and on
momentum resolution; no variation outside of the stated
error bars was found.

This new observation of a tail is made more trans-
parent via a comparison with the source function con-

structed from the parameters (Rlong, Rside, Rout and λ),
obtained in an earlier 3D HBT analysis [15]. The proce-
dures outlined in Ref.[17] were employed to construct this
source function (see Fig. 1). The measured and 3D angle-
averaged correlation functions differ for q <∼ 15 MeV/c as
do the respective source functions for r >∼ 17 fm. The im-
aged source function exhibits a more prominent tail than
the angle averaged 3D HBT source function. This dif-
ference could stem from the Gaussian shape assumption
employed in the 3D HBT analysis. The 3D Gaussian fit-
ting procedure by construction is sensitive only to the
main component of S(r), and thus would not be capable
of resolving fine structure at small-q/large-r. Given the
fact that the volume element increases quadratically with
pair separation, this difference is considerable as shown
in Fig.1(c), where the radial probabilities (4πr2S(r)) are
compared. The open triangles in Fig. 1(a) clearly indi-
cate that the differences in the source functions reflect
an important disparity in the corresponding correlation
functions for q <∼ 10 − 15 MeV.

Parameters of the source function for different as-
sumed shapes were extracted via direct fits to the cor-
relation function. Filled circles in Figs. 1(b,c) show the
source function obtained from such a fit for a Spheroidal
shape [17],

S(r) =
λ Reff × e

− r
2

4R2

T erfi( r
2Reff

)

(8πR2
T R0r)

, for R0 > RT , (2)

where Reff = 1/
√

(1/R2
T − 1/R2

0), RT is the radius of
the Spheroid in two perpendicular spatial dimensions and
R0 = a×RT is the radius in the third spatial dimension; a
is a scale factor. The long axis of the Spheroid is assumed
to be oriented in the out direction of the Bertsch-Pratt
coordinate system. The fraction of pion pairs which con-
tribute to the source λ, is given by the integral of the
normalized source function over the full range of r.

The procedure for making a direct fit to the correlation
function involves the determination of a set of values for
the Spheroid parameters of Eq. 2, which reproduce the
observed correlation function when the resulting source
function is inserted into Eq. 1. The minimization package
MINUIT was used to minimize the χ2 between the ob-
served and calculated correlation function. The χ2/ndf
value so obtained was ∼ 1. The dotted curve in Fig. 1(a)
shows the fit to the data. The resulting source function
shown in Figs. 1(b) and 1(c), indicates very good agree-
ment with that obtained via the imaging technique. This
shape parametrization is not unique; an essentially indis-
tinguishable source was also obtained for a fit performed
with a Gaussian plus modified exponential [23] shape.
The simpler Spheroid parametrization was chosen for the
discussion below.

The Spheroidal source function (Eq. 2) can be approx-
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Kaon 1D Source Image
PHENIX Preliminary

Au+Au 200 GeV, 0.3<kT<2.0 GeV/c 

0-30% centrality

PHENIX Preliminary

Au+Au 200 GeV, 0.3<kT<2.0 GeV/c 

0-30% centrality

Kaon source image also has hint of long-range compontent.
A. Enokizono, DNP Maui 2005
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Can we isolate the excess?
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kT, Centrality Systematics
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Summary
• PHENIX has measured two-particle correlations of π’s, K’s, and 

protons and three-particle correlations for π’s.

• 2π and 2K source radii demonstrate consistent Np⅓ scaling.

• 2π, 2K, and 2p 1D source Radii demonstrate consistent mT scaling.

• 2π and 2K 3D source radii demonstrate consistent mT scaling 
without indication of long emission duration nor significant 
hadronic rescattering.

• 1D Imaging analyses of 2π indicate long range component that is 
most strongly present at low-kT and central collisions.

• Preliminary 1D Imaging analyses of 2K are also consistent with 
long range component.

• Images from Hydrodynamic calculations should be quantitatively 
compared with experimental images.
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